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Abstract.  We  present semiempirical calculations of the atomic geomemes and elecfronic charge 
distributions of ,9-carotene homologues of different chain lengths.  We find defects in charged 
and pholoexcited chains that are similar to the  defects found in  the degenerate polymer mans- 
polyacetylene, and we show how  confinement affects these defects as the chains are shortened. 
Our  results exhibit a generaJimd form  of charge-conjugation symmetry in which the properties 
of a negatively charged defect are related lo those of a positive one and  vice versa. 
1.  Introduction 
Conjugated polymers have attracted much attention as candidate device materials since the 
discovery that they  could be  reversibly doped by  electrochemical methods (Chiang et a1 
1977), and the proposal  (Su  et ai  1919, 1980) that the strong electron-phonon  coupling 
should produce novel  coupled excitations of  the  electron-lattice  system.  This proposal 
yielded a great deal of  interesting physics,  indicating the  existence of  a range of  defects 
such as  solitons, excitons, polarons, bipolarons and breathers.  A review of  the extensive 
literature in this field is given by  Heeger et nl (1988). 
The Su-Schrieffer-Heeger  (henceforth SSH)  model focuses on the coupling between the 
rr electrons, described by  a simple tight-binding model,  and the  bond  lengths along the 
carbon backbone of  the polymer.  In  the  SSH description, the polymer is driven from a 
one-dimensional metallic state to a semiconducting one by  a Peierls transition, resulting in 
a bond-length alternation along the  backbone of  the  polymer characterized by  a non-zero 
value of the dimerization parameter d,,, which is defined by 
where  b,,,+l  is  the  bond  length  between  the nth  and  (n + I)th  atoms of  the  carbon 
backbone.  This naturally leads to a division of  conducting polymers into two classes: first 
the degeneratepolymers,  in which there are two degenerate  ground states with equal uniform 
dimerizations of  opposite sign (i.e.,  a symmetry is  spontaneously broken  by  the  Peierls 
transition), and second the  non-degenerate polymers, which  have  an intrinsic preference 
for one sign of  dimerization over the other.  The defects found in  the  two classes differ 
in that a degenerate polymer can tolerate an arbitrarily long length of chain with reversed 
dimerization, so pairs of  soliton (or bond-altemation) defects feel no  mutual  interaction 
at  large  distances.  In  a  non-degenerate polymer,  however,  such  a  region  of  reversed 
dimerization costs energy and soliton pairs feel a confining force as a result 
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The  SSH model  in  its simplest form  has a number  of  special features.  One is the 
charge-conjugation symmetry (Ccs) that it exhibits, which results from the invariance of the 
Hamiltonian 
uflder the transformation CL +  (-1)"~~~  (where c,:  and c,  represent the creation and 
annihilation operators for p.  electrons of spin s at site n and  U.  is the displacement of the 
nth atom  from its undimerized position).  The Hamiltonian possesses his  symmetry as a 
consequence of  the restriction to nearest-neighbour hopping matrix elements and the lack 
of any explicit electron-electron  interaction terms.  The symmetry causes the one-electron 
energy specttum to be exactly symmetric about mid-gap, and imposes additional selection 
rules on interlevel transitions. In addition, the absence of interaction between *e  electrons 
gives artificial results, such  as an  overestimate of  the stability of  bipolaronic defects in 
degenerate polymers; in reality, the mutual repulsion of two charges causes them to decay 
into pairs of  charged solitons.  These special featurss are one reason for wishing to go 
beyond this simple model.  Another is  that  the very generality of  the model precludes its 
use  to study the properties specific to different types of polymer. This Is a subject of  great 
current interest.  ' 
The simplest polymers displaying degenerate and non-degenerate properties are trans- 
and cis-polyacetylene respectively (see Roth and Bleier (1987) and references therein); an 
enormous amount  has been  learned from  systematic studies of  the optical and transport 
properties of  both these isomers as a function of  doping.  However there has been much 
recent activity in two related areas:  the first is the study df shorter chains, while the second 
is the study of  different polymers with more complicated structures. The systematic study 
of  short chains of  well  defined length illuminates the connection between the properties 
of  polymers and  of  oligomers  (Br6das  et a1  1983,  Brkdas  and  Heeger  1989,  Brkdas 
and Toussaiqt  1990, Kohler  1991, Shuai and  Brbdas  1992). while polymers other than 
polyacetylene have special advantages in materials processing and for particular applications 
such as light-emitting diodes (Burroughes et a1  1990). 
In this paper, we describe Calculations on oligomers of the @-carotene  family. @-carotene 
is  of intrinsic interest because it is implicated in the photosynthetic process and acts as a 
precursor for other biologically important molecules such as retinene and vitamin A.  Its 
optical properties have been  studied for a number of yea-e,  for example, Rosenberg 
(1959).  However, the material may also be viewed as a finite degenerate polymer, similar 
in many respects to trans-polyacetylene but having methyl side groups a,t  intevals along 
the chain instead of  simple hydrogen atoms, and terminated at each end by  a ring  (see 
figure  1).  One double bond  on the ring terminates the  rr-elqtron  system of  the  chain, 
the mt  of the ring being composed of saturated sp3-bonded carbon atoms.  The similarity 
of  p-carotene to trans-polayqcetylene makes it a natural candidate for investigation as a 
conducting material; it has now  been  shown that it  can  be doped p type by  exposure to 
either iodine or AsFs (Ehrenfreund et al  1992a, b).  Optical evidence suggests that charged 
defects are fonned similar to those found in polyacetylene (Ehrenfreund and Coter 1991). 
and  that charge storage on  the chains is  in  the form of  a spinless species; calculations 
suggest that this species comprises a pair of charged solitons at opposite ends of  the chain 
part of the molecule (Ehrenfreund et a!  1992% b). 
Recently,  Andersson  et al  (1992)  were  able to  synthesize and  study  separately a 
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Figure 1.  Molecular svuc1ures of  @-carotene and 
the lower homologues  studied in this paper.  The 
methyl  side chains are replaced by hydrogen abms 
for the purposes of our calculations. 
(see‘figure  1).  We  shall follow their nomenclature and refer to  the molecules as mini-3 
through to mini-I I  @-carotene itself). We  have examined theoretically the same range of 
oligomers in the 6-carotene family, using a semi-empirical self-consistent molecular orbital 
program (Wallace et al  1991% b) to calculate the minimum-energy atomic geometries for 
different charge and spin states of the molecule.  Our method takes full account of the atomic 
geometry of  the molecule, and includes both a self-consistent treatment of electron~lectron 
interactions and long-range hopping terms that break the simple ccs symmetry of  the SSH 
model. We have examined the dimerization (calculated  along the chain part of the molecule 
and on the rr-bonded portion of the end rings) and charge disnibutions as a function of the 
chain length. 
In the remainder of  the paper we first present a brief description of our computational 
technique, followed by  the  results of  our calculations on neutral chains in  their singlet 
ground state, doubly charged chains, singly charged chains and  finally neutral chains in 
which one electron is  excited to a triplet state to  form  an  exciton.  We  conclude with  a 
discussion of the confinement effects induced by  the presence of the chains, and of the 
modified Ccs  that we  find to hold in these systems. 
2.  Methodology 
Owing to the  strong ele$ron-lattice  coupling in conjugated polymers it  is  necessary to 
perform  self-consistent calculations of  electronic wave functions and atomic positions in 
order to be able to study the defects responsible for their behaviour. The method (Wallace 
et ai  1991a) used here to perform these calculations enables semi-empirical Hartree-Fock 
(HF) theory to be used in this self-consistent  way by solving the HF  equations simultaneously 7052 
with the classical Newtonian dynamical equations of  motion for the ions.  The numerical 
calculations have been carried out with the cND0 (complete neglect of differential overlap) 
parametrization of HF theory. While we do not believe that such a semi-empirical approach 
represents the last word in  accuracy, we have  found it to give reliable geometries in our 
previous work on conjugated materials (Wallace et a1  1991a, b,  Fisher er  al 1991). We prefer 
to use this parametrization consistently for all the properties we calculate (geometries, charge 
distributions and energies) rather than use  different schemes for different properties. 
The first successful method to treat the optimization of self-consistent electronic structure 
and geomehy as a single problem was  that due to Car  and Parrinello (1985).  who  used 
density-functional theory in the localdensity approximation and a plane-wave basis set to 
represent the electronic structure. The Car-Paninello  method involves assigning fictitious 
masses to the electron wave functions and treating them as classical dynamical variables as 
one would the atomic positions. Using the Euler-Lagrange equations of motion the resulting 
system is then allowed to evolve in time.  Instead, our wave-function calculation involves 
the recursive diagonalization of an  N  x  N  matrix (N being the number of  basis orbitals 
used), which is the time-limiting step of the calculation. Since this calculation is carried out 
in parallel with  the molecular geometry calculation just a few steps (typically one) of  the 
recursion are performed at each molecular geometry encountered along the minimization 
path.  Both  our  technique and  the  original  Car-Paninello  approach  use  a  molecular- 
dynamics method with  simulated annealing for the atomic motion to  find  the minimum- 
energy  configuration.  Since this  relaxation  in our  method  is  done  using  a  dynamical 
technique. it does not require second derivatives to be  calculated. The first derivatives are 
calculated analytically using the Hellman-Feynman  theorem. While not having the accuracy 
of ab initio electronic-structure methods, this approach has the advantage of  employing a 
calculation  of  the  electronic structure that  is  well  tested for organic materials and that 
allows typical  polymer chains to  be  treated entirely self-consistently with  very  modest 
computational resources. 
The strengths of  our  method lie in  its ability to  represent the  geometries of  organic 
molecules  in  a  very  wide variety of  chemical environments.  The essential features of 
charge self-consistency and response of  atoms to  their bonding environment are captured. 
On  the  other hand,  the limited flexibility of  the  basis set inevitably restricts the  ability 
of the electrons to respond to distortions of  the molecule; this, combined with the intrinsic 
limitations of the HF technique, causes vibrational frequencies to be overestimated by factors 
of  about  1.4  (Wallace et a1  1991a. b).  It  also shares with  other methods (including ab 
inifin approaches) difficulties  in predicting the properties of excited states. We  have found 
that one-electron energy differences substantially overestimate excitation energies, although 
taking differences of total energies, where this is possible, is much more reliable; we give 
examples of such calculations in sections 3.1  and 3.4. 
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3. Results and discussion 
The method outlined in section 2 is applied here to the study of defects in the molecule trans- 
p-carotene (I  1 conjugated double bonds) and its series of  lower homologues mini-3, mini-5, 
mini-7 and mini-9 with three, five, seven and nine conjugated double bonds respectively (see 
figure I). The backbone of  p-carotene consists of alternating single and double bonds which 
differ in length. The distortion can be characterized by  the so-called dimerization parameter 
(equation (I)).  Although p-carotene is not strictly a conjugated polymer, the length of the 
central section (polymer backbone) is such that one would expect this molecule to display Defect electronic states in @-carotene  homologues  7053 
similar behaviour to and have properties characteristic of  other conducting polymers such 
as trans-polyacetylene (t-PA). If  we  neglect the influence of  the  chain ends, the t-PA and 
8-carotene systems both possess a degenerate ground state; this means that each can be 
described by  a double-well potential where the two wells (corresponding to different senses 
of bond alternation) have exactly the same energy. In short chains such as  those we consider 
in this paper, however, this degeneracy is lifted and a preferred sense of  bond alternation is 
enforced by the terminating groups.  The methyl  groups along the molecule (see figure 1) 
were  replaced by  hydrogen atoms in  the calculations. This is a valid approximation when 
studying these molecules, given that the states that determine their behaviour in the presence 
of the defects are those with electrons in  H orbitals (sp’  hybridization) located along their 
backbones, whereas the methyl  groups have sp3 bonding which means that all the valence 
electrons are localized in strongly directed u-type orbitals. 
Our calculations were started from a configuration in  which the polymeric backbone of 
each molecule was  planar.  We  found no  significant deviations from planarity during the 
calculations along the backbone of the molecules and in  the carbon atoms of the terminating 
rings:  however, the hydrogen atoms in  the  unsaturated parts of the rings (figure  1) do not 
lie in  the  same plane  as the  backbone.  As  discussed in  section 2 the ground state was 
reached using  damped  molecular dynamics.  The valence charge distributions shown in 
figures 2(c),  3(c)  and 4(c)  are calculated from  the difference between the atomic valence 
Mulliken population (see, for example, Catlow and Stoneham (1983)) and the core charge. 
3.1. Neutral chains 
Our calculations on  the neutral chains of  all  lengths confirm the expected picture  of  an 
almost uniform  dimerization along the central conjugated part  of  the molecule.  As  the 
chains are shortened, we find that the calculated energy gap between the highest occupied 
and  lowest  unoccupied  one-electron levels (H -  n’ gap) and  the self-consistent energy 
difference between the lowest singlet and triplet states (see table I)  both  increase because 
of  the confinement of  the carriers.  Although, as  we  have said, care must  be  taken  in 
comparing these energy differences with excitation energies, this behaviour is similar to 
the experimentally observed blue shift of  the band-edge absorption in mini-carotenes as the 
chains are shortened (Andersson et al  1992). 
Table  1.  Singlet-triplet  exciration energies in electronvolts as a function of  chain length.  The 
second column gives the excitation energy with the chain held rigid (see  section 3.1).  while Be 
third column gives the formation energy for an exciton defect (see section 3.4).  In  both cases 
the energy change is  calculated as the difference between two self-consistent  fol  energies. 
Molecule  Rigid chain  Exciton 
Mini-3  4.58  3.18 
Mini-5  3.91  2.29 
Mini-7  3.61  1.81 
Mini-9  3.47  1.52 
Mini-11  3.20  1.30 
3.2. Doubly charged chains 
We  performed full geometry optimizations on  each of the five molecules with charge +2 
and -2  in the singlet state. We  shall discuss the results for the positively charged molecules 
first. 7054 
3.2.1. Dimerization.  Figure 2(a) shows the  dimerization pattern in  two of  the extreme 
chains of  the group:  mini-I 1  and mini-5.  It suffices to analyse only these two since the 
behaviour of the other three chains follows a similar pattern. We  see that the addition of the 
two charges to the chain causes a region of negative dimerization near the chain cenae. In 
each case, the sign of the dimerization is chosen in such a way that positive dimerization is 
favoured at the ends of  the conjugated segment this is  because the position of  the double 
bond in  the end rings is effectively fixed by  the distribution of  the hydrogen atoms.  We 
see that  positive terminal dimerization is indeed attained in the longest chain, leading to 
two changes of  sign in the dimerization over the length of the chain.  In  the mini-5 chain, 
however, there is insufficient space for the dimerization to retum to a positive value before 
the end of the chain is reached;  in other words, the requirement for regions of  rapidly 
varying dimerization to accommodate the additional carriers in solitonic defects (see below) 
is sufficient to outweigh the tendency to positive dimerization at the chain ends. 
We  interpret these dimerization pattems in terms of two charged solitons that repel each 
other to the ends of  the conjugated chain.  It is worth noting that in a relatively short-chain 
molecule such as those studied here, the distinction between a pair of charged solitons, free 
to separate to a large distance, and a bipolaronic defect in which the two solitons are bound 
together is to some extent arbitrary.  Our assignment to a pair of  charged solitons in  this 
case rests first on the observation that the two bond-alternation defects (points where the 
dimerization crosses zero) repel each other to near the ends of  the chain, and second on the 
fact that @-carotene  and its derivatives have a degenerate ground state (Heeger et al  1988); 
there is  therefore no energy penalty associated with  the  reversal of  dimerization and  we 
have no theoretical grounds to expect a binding force between the solitons. Our assignment 
confirms that the picture arising from previous work  on  @-carotene  itself (Ehrenfreund er 
al  1992a, b)  applies  to  the  whole  family  of  mini-carotenes, but  is  modified by  strong 
confinement of  the solitons in the shorter-chain materials. 
We  find that the one-electron energy gap between the highest occupied and lowest empty 
state increases as the chain length is shortened. This suggests that there may be a blue shift 
in  the optical absorption spectrum of doped mini-carotenes as the chain length is shortened, 
although  we  note that  the  greater confinement may  also tend  to  increase the correlation 
energy of  the photoexcited electron-hole  pair and produce a competing red shift.  Because 
of the well established difficulty in describing excited states in CNDO (see section 2) we do 
not attempt to predict optical absorption spectra in this paper. 
3.2.2. Charge distribution. Figure 2(6)  and (c) shows how the charge is distributed along the 
chains in mini-I 1 and mini-5 respectively. The altemating sign of  successive atoms along 
the chain is characteristic of defects in conducting polymers (see, for example, Heeger et al 
(1988)).  In both cases the charge is concentrated in two lobes located near the ends of  the 
backbone and close to the  terminal rings.  We  attribute these charge lobes to the  presence 
of the two charged solitons near the ends of  the chain (see section 3.2.1). 
3.2.3.  Charge-conjugation symmetry.  For  the  negative  doubly  charged  molecules the 
lattice distortion corresponds  to  the formation of a  spinless pair  of  negatively charged 
solitons.  These  results  are  essentially identical  to  the  results  discussed above  for  the 
positive charges and are in agreement with experimental results obtained from doped a,  U- 
diphenyltetradecaheptaene,  a closely related material in which the conjugated chain segment 
is terminated by completely conjugated benzene rings (Liigdlund et a1  1993). 
Owing to  the  inclusion of effects such as one-electron self-consistency and additional 
hopping terms in our approach, we do not find the simple symmetry of one-electron energy 
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Figure 2.  Results  for  chains  canying two  positive  charges:  (a)  dimerization parameter  as 
a fvnction  of position  along  lhe  conjugated  backbae for  mini.11  and mini-% (b)  charge 
distribution as a function of  position  along the  chain  for mini-11;  (c) charge  distribution  as 
a function of podtion along the chain for mini-S. 7056 
levels about mid-gap that arises from CCs in the SSH model. We  find, instead, a generalized 
form of  CCs, which we illustrate in table 2. This table shows the one-electron HF eigenvalues 
corresponding to the valence and conduction band edges as well as those for the gap states 
for both the positively and negatively doubly charged mini-I 1 chain.  We only include data 
from this chain length since the behaviour is similar for the shorter ones. We  observe that 
the intervals between the eigenvalues of  the negatively charged chain read from bottom to 
top are the same as the intervals between the eigenvalues of  the positively charged chain 
read from top to bottom.  For example, the intervals between the eigenvalues of the occupied 
states 76 and 77 in the chain with charge +2 is equal to the interval between the eigenvalues 
of the empty states 80 and  81  in the  chain with charge -2,  and so on.  In  other words, 
exchanging both the sign of the charge on  the chain and the des  of the conduction and 
valence bands (i.e. exchanging the occupied and unoccupied oneelectron states) leaves the 
one-electron spectrum invariant. The only exception to this rule is the interval between the 
eigenvalues of the highest occupied and lowest unoccupied states in each case. 
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Table 2.  Valence-band projections and eigenvalues  for  the  doubly charged  states.  Eigenstates 
are  numbered in  order of increasing energy; the Fermi level for a neutral chain lies between he 
states numbered 78 and 79.  The resulls for the occupied states are shown in bold roman type 
while the results for the unoccupied states are shown  in italic ope. 
Valence-band projections  Eigenvalues 
Eigenvector  Charge  1-2  Charge -2  Charge +2  Charge -2 
76  0904  0.937  -0586  -0.234 
77  0.692  0.812  -0542  -0.176 
78  0.904  0.699  -0.276  -0.085 
79  0,311  0.091  -0.242  -0.048 
80  0.206  0.309  -0.155  -0.226 
81  0.071  0.098  -0.103  -0.268 
It is also interesting to  investigate how much  of each individual state derives from the 
conduction band of the neutral (defect-free) chain and how  much  from  the valence band 
We  can quantify this by defining a projection operator onto the valence-band wave functions 
of a neutral chain 
(34 
and studying its expectation value 
iEu 
in the filled and empty states of the charged chain. These projections, shown for the states 
near the Fermi energy in table 2, are a measure of  the amount of each state that is derived 
from the valence band of  the neutral chain.  We  see that the values of  Sj  for the chain 
of charge -2  can be  obtained from those of charge +2 by  inverting the table through the 
neutral-chain Fermi level (i.e.,  interchanging states 78 and 79, 77 and 80,  76 and 81 and 
so on) while at the same time replacing Sj by  (I -  Si) (i.e..  exchanging projection onto 
the neutral-chain conduction and valence bands).  The generalized CCS  exhibited by  the 
eigenvalues is therefore also found for the projections. Defect electronic sfafes in ,%carotene  homologues  7057 
It is interesting to  note that the positive experimental tests of  CCS (see, for example, 
Swanson et a1  (1992) for ODMR results on  the polymer wv) usually relate properties of 
positively and negatively charged defects. They therefore test precisely the generalized CCS 
found in the present calculations, and not the stronger symmetry of oneelectron levels about 
mid-gap that is predicted by  the SSH model. 
3.3. Polarons 
We  have also applied our method to the singly charged (spin-;)  molecules mini-I 1 to mini- 
3. Once again the calculations were camed out for both positive and negative charges. The 
molecules now have non-zero spin; we choose this spin so there are always more spin-up (cy) 
electrons than spin-down (,9)  electrons, but this choice has no physical significance. As with 
the doubly charged chains we only include the dimerization pattem and charge distribution 
figures for the longest (mini-11) and second shortest (mini-5) chains in the series since the 
others follow the  trends presented by  these two. 
39.1.  Dimerization.  There  is  a  marked  relaxation  of  the  structure in  the  middle  of 
the  molecules where the bond  altemation is  almost completely suppressed, although the 
dimerization does not actually change sign in this case. This relaxation extends over 15-17 
carbons for mini-I 1 and over &S  carbons in mini-5 (see figure 3(a)). The lattice distortion 
corresponds to that of a polaron, and reproduces the results obtained with the same method 
for !-PA  (Wallace  1989).  In all  cases the polaron lies entirely on  the chain and does not 
invade the end rings; as with the doubly charged molecules we  see that confinement  results 
in  a compression  of  the  defect  when  going  from  the  long  to  the  short chains.  These 
confinement effects increase the one-electrom energy differences between filled and empty 
states as the chain shortens, as in the doubly charged chains. 
3.3.2.  Charge disrribution.  Figure 3(b) and  (c) shows how  the charge associated with  a 
positive polaron is stored along the chains of  mini-1  I  and mini-5 respectively.  As in the 
case of the doubly charged molecules the charge is concentrated in two lobes, which are 
positioned at the ends of  the chains, close to  the end groups.  The polaron defect can be 
thought of  as a bound state of  a charged and a neutral soliton, each forming one side of 
the dip in the dimerization curve.  The wave function of the unpaired electron is then  a 
bonding or antibonding combination of the mid-gap states associated with the two solitons. 
This explains why the largest amplitude for the wave function is at the edges of the defect, 
where the dimerization is changing most rapidly. 
The charge here is more localized than in the doubly charged chains; one would expect 
this since the Coulomb repulsion between the two additional electrons present in the doubly 
charged molecules is absent here. 
3.3.3. Charge-conjugation symmetry. The results for the negative singly charged molecules 
are similar to those obtained with the positive singly charged molecules: the lattice distortion 
for a negative polaron  has the  same characteristics as the  positive one.  In  table  3  we 
present the eigenvalues and valence-band projections (calculated from equations (3)) for 
the valence and conduction band edges as well as for the gap states in  the a  and j3 spin 
for both positive and negative polarons.  Once more the results exhibit a modified ccs the 
spectrum of  eigenvalues corresponding to the negative polaron’s cy  spin read  from bottom 
to top has the same behaviour as the spectrum corresponding to the positive polaron’s  j3 
spin read  from top to bottom. Similarly the negative polaron’s B-spin  spemm read from 
top to bottom  coincides with  the positive polaron’s cy-spin spectrum read from bottom to 7058  R M I'alladares @I  ai 
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Figure  3.  Resulu for  chains carrying  a single positive charge:  (U) dimerization parameter 
as a function  of  position along the  conjugated backbone for  mini-]  I  and mini-% (6)  charge 
disvibution as a function of position along the chain  for  rnini.11:  (c) charge disvibution as a 
function of position along the  chain for mini-5. Defect electronic states in fl-carotenk homalagues  7059 
top.  As was the case for the doubly charged chains, the only significant exception to this 
rule comes in the HOMO-LUMO  excitation energies, which  are somewhat different for the 
two  charge states. 
Table 3.  Valence-band  projections and eigenvalues for stales of lhe singly charged chains. The 
eigensmles are numbered  in order of  inaeasing energy; lhe Fermi  level for a neuh'al chain lies 
beween lhe slates numbered 78 and 79.  Results for occupied states are shown in bold roman 
lype and those for unoccupied states in italic type. 
Valence-band projections  Eigenvalues 
charge +I  Charge  -1  Charge  +I  Charge -1 
Eigenvector  CI  B  cl  B  e  B  cl  B 
77  0.995  0.844  0.937  0293  -0.457  -0.489  -0227  -OS8 
78  0.995  0.998  OS13  0397  -0.410  -0384  -0.211  -0.167 
79  0.W3  0.183  0.004  0.005  -0.160  -0308  -0.120  0.088 
80  0.008  0.065  0.168  0.004  -0.074  , -0.286  0.131  0.136 
3.3.4. Relative stability of charge states. We  define En to be  the total energy of  charge n, 
and calculate the energy difference between two infinitely separated singly charged chains 
and a neutral chain plus a doubly charged chain: 
2E+l  -(EO+ E+2) =  -O.O66au(=  -1.7960eV) 
2E-I -(EO+ E-*) =  -O.O72au(=  -1.9592eV) 
Our method therefore predicts the singly charged chains to be more stable than the doubly 
charged ones in both positive and negative cases. This result, however, disagree$ with the 
experiments reported by  Ehrenfreund er a1  (1992% b), which suggested that the most stable 
form for charge storage at high doping levels is a spinless species. 
We  suggest two possible explanations for this discrepancy.  First, the above estimate 
compares the energy of  two isolated singly charged chains with that of  a single doubly 
charged chain. In the real situation, though, chains interact. We have estimated the Coulomb 
interaction energy of  two singly charged chains separated by  the extent of  a molecule as 
a more representative case.  This energy is 0.0625  au, which  is comparable to the energy 
differences calculated above.  In other words, in real systems the singly charged chains repel 
each other and may not therefore be significantly more stable than the doubly charged ones. 
A second possible explanation for this discrepancy between theory and experiment is 
that our calculations do not  include correlation effects.  Such effects might be expected 
to lower the energy of  doubly charged chains relative to  the  singly charged ones, since 
they enable two charges on.the same chain to avoid each other more efficiently while still 
enjoying the energetic benefits of a shared lattice distortion. 
3.4. Excitons 
Having examined the charged defects that can be produced  by doping of the  B-carotene 
homologues, we  now turn to  the neutral defects (excitons) formed after an electron and a 
hole have been  produced by  optical excitation.  This defect was  modelled as the lowest 
lying triplet state in  order to allow a selfconsistent  calculation to be performed without 7060 
the system collapsing into its ground state.  Because CNDO does not consider interatomic 
exchange terms, we  expect that the singlet and triplet states will  in  any case have  very 
similar properties. 
The calculated energy of  formation of this defect in the  full-length ,!?-carotene  chain 
(mini-11) is 0.0478  au (1.30  eV). This compares with the energy to produce an electron- 
hole pair at frozen geometry of 0.1249  au  (3.40 eV):  the difference is due to the lattice 
relaxation.  Notice also that both these energies are much  less than the excitation energy 
that one would estimate from simple one-electron energy differences (Koopman’s theorem) 
at a fixed geometry.  The corresponding numbers for other chain  lengths are shown in 
table  I. 
3.4.1. Dimerizafion. Figure 4(a) shows the distortion pattern of  an exciton in  ,!?-carotene 
and its lower homologue mini-5.  As  in-the case of I-PA (Wallace 1989) the bond-length 
altemation  in the centre of  the chain is reduced.  The general shape of  the dimerization 
curve is  very similar to that obtained for t-PA (Wallace 1989).  The spread of the defect 
along the ,!?-carotene  chain is over 17 bond  lengths, while the extent in  a long chain would 
be around 20 bond lengths.  The dimerization enhancement associated with  the ends of  a 
polymer chain is present, as it was in the ground state.  This behaviour corroborates the 
results of  Coter et a1  (1991) in  that it  seems to indicate that the end rings do not  play  a 
significant role in  the behaviour of this molecule. 
If one compares figures 2(n) and 4(a)  one can see that although the maximum distortion 
is similar in each case, the exciton’s distortion is much sharper than that observed for the 
doubly charged molecules. We believe that this is because the Coulomb repulsion between 
the charged solitons in the charged chains is absent in chains containing an exciton. 
3.4.2.  Spin distribution. Since this defect is neutral, it is more helpful to analyse the spin 
than the charge distribution along the chains.  figures 4(b)  and 4(c)  show the valence spin 
distribution for mini-I 1 and mini-5 respectively; in both cases the spin is localized in two 
lobes near to  the end rings.  This situation is similar to  that encountered for the charge 
distribution in both the singly and doubly charged chains. 
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4.  Conclusions 
Our  self-consistent  semi-empirical calculations carried out  on  the  oligomers of  the  j3- 
carotene family yield configurations for charged and neutral defects similar to those that 
might be expected if the molecule is viewed as a degenerate conjugated polymer. For doubly 
charged chains we predict the formation of a pair of charged solitons while in the case of 
the singly charged chains we find formation of  polaron-like defects.  The excited state of 
the neutral chain forms excitons very  similar to those found in  f-PA. In all cases we have 
analysed the defects as a function of chain length and find that chain shortening produces 
confinement effects. These confinement effects manifest themselves through the calculated 
charge distributions (spin distribution in the case of the exciton), which are compressed as 
the chains shorten. 
Although our results suggest that the (positive and negative) doubly charged chains are 
both unstable relative to a pair of infinitely separated singly charged chains, we propose that, 
because of the finite concentration of dopants, singly charged chains are destabilized by their 
mutual Coulomb interaction and are not significantly more stable than the doubly charged 
ones. This may have consequences for the transport properties of doped mini-carotenes. Defect electronic states in 6-carotene homologues  706  1 
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Fwre  4.  Results  for  neutral  chains  in  the  presence  of a triplet  exciton:  (a)  dimerization 
parameter as a function of position along the conjugated backbone for mini-1 1 and mini-5; (b) 
spin distribution as a function of position along tk  chain for mhi-11; (c) spin distribution as a 
function of position dong the chain for mini-5. 7062  R M Vaiiadares et ai 
A particularly interesting feature of our results is the appearance of a generalized form of 
ccs in the charged molecules that relates the properties of  positively and negatively charged 
chains.  In contrast with  the ccs  exhibited by  the  SSH model. the  one-electron levels are 
no  longer symmetric about mid-gap; instead, the eigenvalue spectrum and the composition 
of  the  one-electron states are invariant under change in  the sign of  the defect charge and 
exchange of  valence and conduction bands. This generalized CCS appears to be consistent 
with the available experimental data. 
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